This paper is about filters -or more precisely, programmable MEMS bandpass filters used in signal processing applications. The term microelectromechanical comes from the transformation within this microscopic filter, of electrical signals into mechanical energy, and after the filtering takes place, the transformation of the remaining signals back into the original electrical form. The term bandpass means that the filter will pass a band, or spectrum, of frequencies and attenuate frequencies outside of that band. 
L INTRODUCTION
This paper is about filters -or more precisely, programmable MEMS bandpass filters used in signal processing applications. The term microelectromechanical comes from the transformation within this microscopic filter, of electrical signals into mechanical energy, and after the filtering takes place, the transformation of the remaining signals back into the original electrical form. The term bandpass means that the filter will pass a band, or spectrum, of frequencies and attenuate frequencies outside of that band.
Mechanical filters were noncompetitive because of higher manufacturing costs and larger size. The introduction of MEMS signal processing filters has eliminated many of their technological drawbacks [l] , [6] .
The advances in micromachining processes and in microresonator materials and design have opened the feasibility of integrated micromechanical filters [2], [3] . The IC batch process is used to fabricate the resonators, coupling elements together, thereby achieving the advantages of batch fabrication and avoiding time-consuming steps such as the serial bonding of coupling wires to resonators [I] . However, the IC process is not sufiiciently controlled so that the microresoantors can be fabricated without some means of trimming for final adjustment of the filter characteristics.
The average resonator resonance frequency mismatch in present day fabrication processes is 0.4-0.7% [6], [9] . This degree of mismatch is sufficient to cause significant passband distortion in the filter. In order to trim the resonant frequencies, processes for adding or removing material from the resonator must be utilized [ 11.
Moreover, MEMS filters have been shown to be less susceptible to temperature variations than their macroscale 
II. TFIEORETICAL MODELING
The principle of a two-resonator MEMS filter is illustrated inFigure 1. The resonator mass elements are assumed to be rigid and concentrated at a single point where Mi and Ki is the mass and spring coefficient of the I * resonator centered at the shuttle location. The coupling spring has a stiffness of Klz. Figure 2 presents the overhead view schematic of a tworesonator programmable MEMS filter.
The two-resonator filter has two natural resonances of interest, fi and f2. At frequency fi the displacements of the masses are in phase, whereas at frequency fz, the displacements are 180 degrees out of phase. When the masses and stiffnesses of the two resonators are identical, MI=M2 and K1=K2, these two resonance modes are characterized by [4] As illustrated in Figure 3 , each vibration mode corresponds to a distinct peak in the force-to-displacement frequency characteristic and to a distinct physical mode shape of the coupled mechanical resonator system The relative spacing between these mode peaks determines the passband of the eventual filter. The two-resonator MEMS filter can be modeled mechanically as shown in Figure 4 [ 11. Mechanical systems parallel electrical networks to such an extent that there are analogies between electrical and mechanical components and variables [14] . The two mechanical energy storage elements are analogous to the two electrical energy-storage elements, the inductor and capacitor. The energy dissipater is analogus to electrical resistance. Moreover, mechanical force is analogus to electrical voltage and mechanical velocity is analogous to electrical current, which leads to the analogy between the mechanical displacement and electrical charge [l]. The equivalent circuit for the two-resonator MEMS filter is shown in Figure 5 .
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IIL ELEITROSTATIC SPRING CONSTANT
Both the resonators and coupling spring are equipped with parallel-plate structures that allow frequency tuning via inherent voltage dependent electrostatic spring constants [6], [9]. This section presents the theory behind the electrical spring constants and how they affect each of the two vibrational modes of the two-resonator filter. Figure 6 shows the top view geometry of the parallel-plate structure. The electrostatic force component generated by the potential difference (Vb-Vt) is similar to the mechanical spring restoring force of the resonator. However, while the mechanical spring restoring force generally acts to oppose an input force, this force acts to increase the input force. In fact, it can be interpreted as an electrical spring constant [6], [9] where CO is the tuning electrode-to-resonator overlap
Fixed Electrodes at potential Vt
where Nt is the total number of tuning electrodes, & is a fiinging field factor for the tuning finger overlap capacitance, and 4 and Lt are the tuning electrode-to-resonator gap spacing and overlap length, respectively. If however, the tuning fingers are placed on the truss, then the effective electrical stiffness seen by the shuttle (body of the resonator)
. The dependence of frequency on tuning voltage for resonator i then follows from Equations 6 and 7
The dependence of bandwidth on spxing tuning voltage is seen from the modes of vibration at frequencies fl and fi. The effective stiffness of mode fl is lowered by the electrostatic spring constant. However, mode f2 is not affected since the center of the coupling spring remains motionless in that mode of vibration.
IV. MICROMECHANICAL FILTER DESIGN
The tuning strategies of a programmable MEMS bandpass filter will be demonstrated in the context of an example. A summary of the design parameters is summarized in Table1 
v. SIMULATION RESULTS
Given this filter specification summarized in Table 1 , a SPICE circuit simulation netlist for this micromechanical filter was constructed. Figure 7 shows the theoretical frequency characteristic for the two-resonator filter. where V, represents the dc bias at the input port V,TlOV. The quality factor 4-20 was assumed for the simulation. 
